BRAF-targeted therapy results in objective responses in the majority of patients; however, the responses are short lived ($6 months). In contrast, treatment with immune checkpoint inhibitors results in a lower response rate, but the responses tend to be more durable. BRAF inhibition results in a more favorable tumor microenvironment in patients, with an increase in CD8 þ T-cell infiltrate and a decrease in immunosuppressive cytokines.
Introduction
Targeted therapy against oncogenic mutations, such as BRAF V600E , represents one of the most significant advances in the treatment of melanoma in decades. However, responses to BRAF inhibitor (BRAFi) monotherapy are not durable, with a median time to progression of less than 6 months (1-3). The combination of BRAF plus MEK (mitogen-activated or extracellular signal-regulated protein kinase) inhibition has provided incremental gains; however, the majority of patients still progress on therapy within 10 months (4). Thus, strategies to increase the durability of these responses are urgently needed.
Immunotherapy is another area of success in the treatment of melanoma. In particular, the use of immune checkpoint inhibitors has shown tremendous promise. Ipilimumab [a monoclonal antibody (mAb) targeting immunomodulatory CTLA4 receptor on T cells] was approved by the FDA recently based on a survival benefit over standard chemotherapy in patients with metastatic melanoma (5) . Additional immunomodulatory agents are in clinical trials, and have shown impressive results. These include mAbs against the programmed death 1 (PD1; CD279) receptor and its ligands PDL1 (B7-H1; CD274) and PDL2 (B7-DC; CD273; refs. 6, 7). PD1 is an inhibitory cell-surface receptor that can be induced to be expressed by T cells, B cells, natural killer T (NK) T cells, monocytes, and dendritic cells (DC; ref. 8) . PDL2 is expressed mainly by DCs and macrophages, whereas PDL1 is widely expressed by hematopoietic, nonhematopoietic, and tumor cells (8, 9) . The expression of PDL1 in tumors is inversely correlated with the survival of patients, and tumors can use the PD1 inhibitory pathway to evade immune eradication (10) (11) (12) (13) (14) . Clinical trials with mAbs targeting PD1 and PDL1 have shown promising response rates (30%-50%) with activity in melanoma and other cancers such as renal cell carcinoma and non-small cell lung cancer (6, 7) . However, strategies to further improve these response rates are needed.
One exciting approach undergoing clinical investigation is the combination of BRAFi with immunotherapy to generate a sustained antitumor immune response. The rationale for this therapeutic strategy is that targeting oncogenic BRAF may make melanoma more immunogenic (15) , and the eventual progression of tumors during BRAFi therapy is due to the subsequent failure of antitumor immunity (13) . It is known that treatment with BRAFi results in significantly higher expression of melanoma antigens (15, 16) and decreased expression of immunosuppressive cytokines and VEGF (16) (17) (18) , all of which contribute to a tumor microenvironment that can promote antitumor immunity. Importantly, BRAFi elicits a dense CD8 þ T-cell infiltrate in tumors of treated melanoma patients within 10 to 14 days of the initiation of therapy (16, 19, 20) , with increased clonality of the infiltrating T cells (21) . However, a significant increase in PDL1 expression is noted within 2 weeks of treatment with a BRAFi, and the density of T-cell infiltrate in progressing lesions returns to pretreatment levels (16) . Thus, PD1 pathway blockade has the potential to overcome BRAFi resistance and act synergistically with antitumor responses induced by BRAFi.
Several clinical trials combining BRAFi and checkpoint blockade are currently under way. Response and survival data are not mature; thus, it is too early to determine whether there is synergy, or whether there will be added toxicity. Preliminary data from clinical trials of BRAF-targeted therapy in combination with ipilimumab indicate that there is increased toxicity, as a significant number of patients in this trial experienced hepatotoxicity (22) . These early results highlight the need for additional preclinical data to support agent selection and schedule of administration, as well as to provide mechanistic insights.
In this study, we tested the hypothesis that the addition of immune checkpoint blockade would enhance responses to BRAF-targeted therapy. First, we analyzed serial tumor biopsy samples from a patient who was treated with combined BRAFtargeted therapy and immune checkpoint blockade with anti-CTLA4, and found increased infiltrating T cells and CD8:Treg ratio with time. Next, we built on these provocative (but anecdotal) data by testing the effects of combined BRAFtargeted therapy and immune checkpoint blockade in a novel immunocompetent and transplantable murine melanoma model that is responsive to BRAFi. We explored the effects of combined BRAFi and PD1 or PDL1 blockade based on our clinical findings of upregulation of PDL1 shortly after the initiation of BRAFi therapy (16) . Similar to our findings in patient samples, we observed an increase in the intratumoral CD8 þ T-cell density and cytokine production in mice given
BRAFi alone. Combining anti-PD1 or anti-PDL1 with BRAFi led to improved survival and delay in tumor growth beyond either treatment alone. Combination therapy resulted in an increase in the density of CD8 þ T cells in the tumor, an increased CD8:
Treg ratio, and enhanced cytokine production, compared with BRAFi alone. Taken together, results from our studies indicate potent synergistic effects of combination therapy using BRAFi and PD1 blockade. These results have important translational implications.
Materials and Methods
Clinical samples from a patient with metastatic melanoma treated with combined BRAF-targeted therapy and anti-CTLA4 A 56-year-old man with metastatic melanoma containing a BRAF mutation (confirmed by genotyping) was enrolled in a clinical trial using combined therapy with a BRAFi (vemurafenib) and anti-CTLA4 blockade (ipilimumab; NCT01400451). This patient gave informed consent for tissue acquisition as per our Institutional Review Board-approved protocol. Serial biopsies were performed at days 0, 8, 35, 61, and 132 after the initiation of treatment. Tumors were formalin-fixed paraffinembedded (FFPE) for immunohistochemical (IHC) analysis with a portion processed fresh for analysis by flow cytometry (see below). All samples were analyzed via hematoxylin and eosin (H&E) staining to confirm that viable tumor was present. 23 ) and backcrossed for more than six generations onto the C57BL/6 genetic background (which corresponds to a >98.4% C57BL/6 congenic animal). Genotyping of each litter was performed as previously published (24) . At 6 to 10 weeks of age, mice were treated topically with 20 mg/mL of tamoxifen for 5 consecutive days. All studies and procedures involving animal subjects were approved by the Institutional Animal Care and Use Committees of the Massachusetts General Hospital/DanaFarber Cancer Institute (MGH/DFCI).
Induction of melanoma tumors in
To generate a tumor cell line, induced tumors were harvested and digested overnight in 10 mg/mL of collagenase and 1 mg/mL of hyaluronidase. Tumor cells were initially grown in RPMI-1640 media with HEPES and 20% serum, and subsequently a cell line (BP) was established and grown in DMEM with 10% serum.
Quantitative PCR analysis of melanoma antigens in the BP cell line
The BP cell line was treated with 2 mmol/L of BRAF V600E inhibitor PLX4720, and RNA was extracted using the RNeasy Kit (Qiagen Immunofluorescence analyses in murine tumor sections Confocal microscopy was performed as described previously (26) . Briefly, tissues were embedded in optimal-cutting-temperature medium (Tissue-Tek), and 12-mm sections were cut using a cryostat. Sections were fixed and stained using the FoxP3 buffer set (eBiosciences) and directly conjugated antibodies. Sections were imaged on an Olympus confocal microscope with a Â20 objective. For micrograph panels, single z slices were linearly contrasted and merged images were made in Adobe Photoshop. The following directly conjugated antibodies were used: anti-CD8a (53-6.7; BioLegend), anti-FoxP3 (FJK-16s; eBioscience), and anti-CD4 (RM4-5; BioLegend).
Flow cytometric analyses of tumor-infiltrating lymphocytes
A tumor-infiltrating lymphocyte (TIL)-enrichment protocol was used for both human and mouse tumors. Tumors were weighed dry, cut, and placed in collagenase type I (400 U/mL; Worthington Biochemical) and incubated on a shaker at 37 C for 30 minutes. The dissociated tumor was then filtered (70 mm) to generate a single-cell suspension. A sucrose gradient (40%/70% Percoll; GE Healthcare) was used to enrich TILs from the single-cell suspension. The cells were then either stimulated with phorbol 12-myristate 13-acetate (PMA; 50 ng/mL) and ionomycin (500 ng/mL) with GolgiStop (BD Biosciences) or immediately stained and subsequently analyzed by flow cytometry. The FoxP3 buffer kit (eBioscience) was used for all stains. Unstimulated human TILs were stained with the following cocktail of directly labeled antibodies: anti-CD3 (HIT3a), anti-CD4 (OKT4), antiCD8a (HIT8a; all from BioLegend), and anti-FoxP3 (PCH101, eBioscience). Unfractionated single-cell suspensions from mice were stained with the following cocktail of directly labeled antibodies: 
Statistical analysis
Statistical evaluations were conducted using a two-tailed Student t test. Kaplan-Meier analysis was conducted using the log-rank (Mantel-Cox) test. Statistical analyses were performed using GraphPad Prism or the R-statistical package. P values less than 0.05 were considered statistically significant.
Results
Anti-CTLA4 mAb synergizes with BRAF inhibition to increase the CD8
Treg ratio within the tumor of a patient with metastatic melanoma
Given prior clinical findings showing that BRAFi is associated with improved melanoma antigen expression and an enhanced immune response in patients with metastatic melanoma (16, 19) , we sought to study the effect of combined BRAF-targeted therapy and immunotherapy for the treatment of metastatic melanoma. We studied a patient with metastatic melanoma who was participating in a clinical trial of BRAFi therapy with CTLA4 blockade. This patient had 4 weeks of BRAFi therapy before receiving four courses of anti-CTLA4 (Fig. 1A) . Serial tumor biopsies were stained for CD8 by IHC (Fig. 1B) . We found very few infiltrating CD8 þ T cells pretreatment and a dense infiltrate on BRAFi therapy [as expected on the basis of our prior findings (16)]. However, within 4 weeks of BRAFi therapy, the infiltrating T cells were virtually absent. One month after the patient received one dose of anti-CTLA4, the T-cell infiltrate was again increased significantly and this infiltrate persisted >70 days on further anti-CTLA4 treatment. We analyzed the TILs in tumor biopsies using flow cytometry at the same time points to assess the ratio of CD8 þ T cells to CD4 We developed a transplantable murine melanoma model in C57BL/6 mice using the previously described Tyr:CreER; Braf CA ;Pten lox/lox mouse model (23) . Melanomas in these mice form with variable latency after tamoxifen administration, making it difficult to use this model to sensitively study antitumor immunity. To circumvent this problem, we generated a stable cell line (BP), which was responsive to in vitro treatment with BRAFi ( Supplementary Fig. S1 ). Importantly, treatment of the BP line with BRAFi resulted in increased expression of known melanoma antigens, including dopachrome tautomerase (TYRP2, DCT), TYR, MLANA, and MITF ( Fig. 2A) , similar to our findings in patients treated with BRAFi (16) . BP tumor cells expressed the coinhibitory molecule PDL1, and culture with IFNg for 24 hours led to increased PDL1 expression. IFNg also greatly increased MHC-I expression (Fig. 2B) . Together, these data indicate that BP cells are likely to be recognized by CD8 þ T cells, while also having the potential to evade antitumor immune responses through the PD1/PDL1 axis.
To study the in vivo response of BP tumors to BRAFi, we implanted 8 Â 10
5 BP cells subcutaneously into mice and allowed the tumors to grow to approximately 100 mm 3 (Supplementary Fig. S2 ) before administering mouse chow containing either 200 or 417 ppm of a BRAFi. BRAFi led to significantly slower tumor growth and increased survival compared with that of control mice (Fig. 2C and D) in a dose-dependent manner. Together, these data demonstrate that the BPimplanted tumor model responds to BRAF inhibition similarly to human melanoma.
BRAFi leads to increased intratumoral CD8
þ T-cell density and enhanced cytokine production On the basis of our observations that BRAFi treatment in patients with melanoma resulted in increased intratumoral CD8 þ T cells (16, 19, 20) , we assessed the effect of BRAFi on T cells in murine BP tumors. We observed a significant dosedependent increase in CD3 þ T cells 7 days after BRAFi treatment ( Fig. 3A and Supplementary Fig. S3 ) composed predominantly of CD8 þ T cells and some CD4 þ Tregs (Fig. 3B) .
However, we did not find an increase in the expression of the nuclear proliferation marker Ki-67 in CD8 þ TILs in mice on
BRAFi treatment (Supplementary Fig. S4A ).
We also evaluated effector function (cytokine production and cytolytic potential) of TILs in mice on BRAFi treatment. For cytokine analyses, we purified T cells from BP tumors and draining lymph nodes of mice 7 days after initiation of BRAFi treatment and stimulated these cells ex vivo with PMA/ionomycin. Many ex vivo stimulated CD8 þ T cells from the draining lymph nodes produced TNFa, but very few produced IFNg (data not shown). Many intratumoral CD8 þ T cells expressed
IFNg and, to a lesser extent, TNFa (Fig. 3C) . Importantly, more of the intratumoral CD8 þ T cells from the BRAFi-treated tumors produced both IFNg and TNFa compared with controls (Fig. 3C ). In addition, the mean fluorescence intensity (MFI) of IFNg (in the IFNg þ CD8 þ T cells) was significantly higher in BRAFi-treated than in the control-treated cells, indicating that more IFNg was being made on a per-cell basis.
To assess cytolytic potential, we measured granzyme B production by direct ex vivo analysis of intratumoral CD8 þ TILs.
We found no difference in granzyme B production between BRAFi and controls on day 3 of BRAFi treatment (Supplementary Fig. S4B ). BRAFi treatment also led to an increase in PDL1 and PDL2 gene expression in the tumor microenvironment ( Supplementary Fig. S5 ). Notably, PDL1 was expressed on multiple hematopoietic and nonhematopoietic cell types in the tumor microenvironment ( Supplementary Fig. S6 ). Together, these data indicate that CD8 þ T cells can infiltrate melanoma tumors in the setting of BRAFi, but the tumor microenvironment is still immunosuppressive.
CD8
þ T cells are critical to the response to BRAF inhibition Next, we tested whether the CD8 þ T cells that infiltrate tumors after BRAFi treatment were critical for the therapeutic benefit of BRAFi. We administered anti-CD8 mAb every 3 to 4 days (starting 1 day before BP tumor cells implantation; Fig. 4A ) and initiated low-dose (200 ppm) BRAFi when tumors reached 100 mm 3 . CD8 þ T-cell depletion was maintained at days 3, 7, and 11 after BRAFi initiation in the tumor and draining lymph node as assessed by flow cytometry (Fig. 4B and data not shown) . Depletion of CD8 þ T cells abrogated the BRAFi-induced increase in survival, with most mice dying within 20 days after tumor implantation (Fig. 4C) . Depletion of CD8 þ T cells also prevented the BRAFi-mediated decrease in tumor growth (Fig. 4D) . CD8 þ T-cell depletion similarly impeded the effects of high-dose BRAFi (417 ppm) on survival and tumor growth (data not shown). However, CD8 þ T-cell depletion did not significantly alter tumor growth in mice treated with control chow. Taken together, these data indicate that CD8 Blockade of the PD1 pathway synergizes with BRAF inhibition to enhance survival and slow melanoma growth We next tested the hypothesis that immune checkpoint blockade would synergize with BRAFi therapy to promote antitumor immunity by enhancing CD8 þ T-cell responses. We focused on the PD1 pathway, given the recent clinical success of PD1 blockade, findings of increased PDL1 expression in tumors of patients on BRAFi, and our data showing that PDL1 expression is increased in the BP tumors after BRAFi treatment ( Supplementary Fig. S5 ). Because tumors can be completely eradicated with high-dose BRAFi but not low-dose BRAFi ( Fig.  2C and D) , we used low-dose BRAFi to evaluate synergy between BRAFi and PD1 pathway blockade. We followed a similar strategy of tumor implantation and BRAFi administration as in previous experiments (Fig. 5A) . We administered three doses of either anti-PD1 or anti-PDL1 (on days 1, 3, and 5) after BRAFi initiation (day 0). The anti-PD1 (29F.1A12) blocking antibody blocks the binding of PD1 to its two ligands, PDL1 and PDL2. The anti-PDL1 (10F.9G2) blocking antibody blocks interaction of PDL1 with both of its binding partners, PD1 and CD80 (B7-1; ref. 27 ). Treatment with anti-PD1 alone had no effect on tumor growth or survival (Fig. 5B-C) . This is likely due to the large size ($1 cm diameter) of the tumors before treatment with anti-PD1, because we have seen delayed tumor growth when anti-PD1 or anti-PDL1 is administered earlier during tumor growth (data not shown). Notably, PD1 pathway blockade (using either anti-PD1 or anti-PDL1) combined with BRAFi led to significantly delayed tumor growth and improved survival relative to either therapy alone (Fig. 5B-G) .
PD1 pathway blockade and BRAF inhibition synergize to enhance the number and function of tumor-infiltrating T cells
We next analyzed whether there were synergistic effects of combination therapy on TIL number and function. Combining BRAFi with either anti-PD1 or anti-PDL1 led to at least a 7.5-fold increase in CD3 þ T cells compared with any monotherapy (Fig. 6A and Supplementary Fig. S7 ). We found little to no increase in CD3 þ T cells in tumors treated with either anti-PD1 or anti-PDL1 treatment alone. Anti-PD1 and BRAFi combination therapy led to a substantial increase in CD8 þ T cells in the tumor compared with BRAFi alone (Fig. 6B) with no difference in CD4
þ Tregs in the tumor (Fig. 6B ). The CD8:Treg ratio was also increased in the combination therapy groups (Fig. 6C) . We also observed an increased fraction of CD8 þ T cells that were producing granzyme B, as well as more polyfunctional CD8 þ T cells producing both IFNg and TNFa in the mice treated with anti-PD1 and BRAFi, but not in mice given anti-PDL1 plus BRAFi. Together, these results suggest that the intratumoral CD8 þ T-cell response is synergistically enhanced by the combination therapy using BRAFi with either anti-PD1 or anti-PDL1.
Discussion
Two of the most significant advances in cancer treatment in decades have emerged almost concurrently: BRAFi and checkpoint blockade therapy. Support for potential synergy between BRAF-targeted therapy and immunotherapy comes from studies of serial biopsy samples of patients on targeted therapy as well as from murine studies (16, 18, 28, 29) . Clinical trials combining BRAF-targeted therapy with immune checkpoint inhibitors are currently under way, although significant fundamental and translational questions remain about the potential mechanisms of synergy, toxicity, timing, and duration of therapy.
Here, we conducted studies to understand the potential synergy between immune checkpoint blockade and BRAFtargeted therapy. We first analyzed a unique set of tumor biopsy samples from a patient receiving combined BRAFtargeted therapy and immunotherapy with vemurafenib and subcutaneously injected into C57BL/6 mice, and BRAFi administration (200 ppm) was initiated at day 0. Two hundred micrograms of rat anti-mouse CD8, or isotype antibody was administered intraperitoneally 1 day before tumor implantation and every 3 to 4 days thereafter. B, analysis of CD4 þ and CD8 þ T cells in the draining lymph node and tumor was done on days 3, 7, and 11 after the initiation of BRAFi for CD8 T-cell depletion by flow cytometry using a different anti-CD8 clone. Representative plots at day 3 are shown. C, effects of CD8 depletion on survival of mice given BP tumor with or without BRAFi therapy displayed in a KaplanMeier plot. Ã , P < 0.05 comparing BRAFi treated mice with control mice. D, tumor volumes from experiments as in C measured every 3 to 4 days. Ã , P < 0.05 comparing BRAFi þ isotypetreated mice to BRAFi þ anti-CD8 mAb-treated mice. Representative of three experiments.
ipilimumab, respectively. We found that the immune response to BRAF inhibition (as assayed by T-cell infiltrate and the CD8:Treg ratio) was early and transient, but that T-cell infiltrate and an improved CD8:Treg ratio could be sustained by the addition of immune checkpoint blockade, and persist for several weeks to months. Of note, the human sample set was limited to 1 patient because the trial was stopped early due to toxicity (22) . Although this is anecdotal evidence and further study is needed in the context of clinical trials and murine models, these data suggest that the addition of immunotherapy to a backbone of targeted therapy should occur early, ideally within 2 to 4 weeks.
We also developed and used a novel subcutaneous implantable tumor model generated from a well-established murine model of BRAF-mutant melanoma (23) . In this model, we observed a dose-dependent improvement in survival after treatment with a BRAFi, which was associated with an increase in immune infiltrate and TIL function, similar to what we observe in patients treated with BRAFi (16) . The mechanism behind the increase in intratumoral T cells may reflect trafficking of T cells into the tumor (16) as well as expansion of TIL (21), which are not mutually exclusive. Data from our mouse model would suggest that proliferation of existing clones is not the dominant mechanism at an early time point, as we observed no increase in the proportion of Ki-67 þ CD8 þ TIL in BRAFi-treated mice at the two time points investigated. Of note, we previously studied this in patients and demonstrated that both mechanisms are likely at play (16, 21) . In our murine model, the effects of BRAFi were attenuated with CD8 þ T-cell depletion, suggesting a critical role for CD8 þ T cells in the response to BRAF inhibition. Furthermore, CD8 þ T-cell depletion did not affect tumor growth in mice treated with control 
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BRAFi + isotype BRAFi + αPD1 chow, suggesting that the differences in minor histocompatibility antigens are not a major factor in the antitumor immunity in these mice. In addition to an enhanced T-cell infiltrate, we found that BRAFi treatment led to the upregulation of PDL1 and an increase in IFNg-expressing TILs. This is consistent with our published findings from tumor biopsies of patients with melanoma on BRAFi therapy, demonstrating an increase in PDL1 expression within 2 weeks of the initiation of therapy (16) . Recent literature suggests that this finding is related to IFNg production by TIL (30) or stromal fibroblasts (31) . Studies in humans have also shown that PDL1 expression colocalizes with infiltrating T cells (32) . In our murine model, PDL1 is expressed on a wide variety of cells in the tumor microenvironment, including CTLs, myeloid cells, epithelial cells, endothelial cells, lymphatic endothelial cells, and tumor cells in the setting of BRAFi. Together, these data, coupled with a better toxicity profile of PD1 pathway blockade in patients (5-7), gave impetus to our study of the effects of combined BRAF-targeted therapy with PD1 or PDL1 blockade in the BP tumor model.
We studied the combined regimen of BRAF-targeted therapy and anti-PD1 or anti-PDL1 blockade in our murine model, and we observed enhanced survival and delayed tumor outgrowth compared with BRAFi or PD1 pathway blockade alone. Delayed tumor growth was accompanied by an increase in CD8 þ T-cell density and function in these groups. Specifically, CD8 þ TILs expressed more IFNg, TNFa, and granzyme B in mice given combined BRAFi and PD1 blockade. This is in contrast with findings in mice receiving BRAFi monotherapy demonstrating increased expression of IFNg and TNFa in TILs, but not granzyme B. These data suggest that BRAF inhibition alone results in an increase in T-cell infiltration and cytokine production, but these T cells are not completely functional. Thus, BRAFi and PD1 pathway blockade synergize to increase CD8 þ TIL cell density and function, indicating that the PD1 pathway plays a significant role in immune modulation in our BP tumor model. Of note, we found a similar increase in TIL after combined BRAFi plus anti-PDL1 administration but did not observe increased T-cell functionality based on cytokines or granzyme B. There are several possible reasons for this difference. First, there may be differences in the kinetics of the T-cell response to anti-PD1 versus anti-PDL1 after BRAFi treatment. In addition, the expression of PDL2 as well as PDL1 in the tumor microenvironment may explain these differences. mAbs targeting PD1 and PDL1 may have different functional effects as they block distinct receptor-ligand interactions. PD1 binds to PDL1 and PDL2, whereas PDL1 binds to PD1 and B7-1 (CD80; refs. 27, 33). Anti-PD1 blocks PD1 interaction with PDL1 or PDL2, but does not perturb the PDL1/B7-1 pathway. The anti-PDL1 used here is a dual blocker, blocking PDL1 interactions with PD1 and B7-1, but leaving the PD1/PDL2 interactions intact. Thus, the expression of PDL2 in our mouse melanoma model may underlie the diverse effects when BRAFi is combined with anti-PDL1 versus anti-PD1. The differential effects of anti-PDL1 and anti-PD1 antibodies as well as differences in PDL1 and PDL2 expression have clinical implications and may explain the subtle variations in the clinical effects observed when blocking either PD1 or PDL1 alone (6, 7) .
Further work is needed to understand how anti-PD1 and anti-PDL1 exert their antitumor effects. PD1 is upregulated upon activation of T cells in peripheral lymphoid organs, on activated T cells in the tumor, and on dysfunctional (termed "exhausted") T cells in the tumor microenvironment (34, 35) . Anti-PD1 likely affects the activation and function of T cells both in the tumor and in secondary lymphoid organs and rescues exhausted T cells in the tumor (7, 36, 37) . Furthermore, PD1 blockade also may have functional consequences on other PD1-expressing cell types (26) . Studies of the effects of PD1 blockade on the function of PD1
þ NK cells and macrophages in the tumor are ongoing (38, 39) . Similarly, PDL1 is expressed by multiple cell types, both in and outside of the tumor (8) . PDL1 expression in lymphoid organs may suppress the initial activation of T cells and/or enhance the induction of Tregs (40) . Within the tumor, PDL1 can be expressed by both tumor and nontumor cells, both of which have the potential to suppress antitumor immunity (41, 42) . Our studies in the lymphocytic choriomeningitis chronic infection model indicate that PDL1 on hematopoietic and nonhematopoietic cells can both contribute to T-cell exhaustion (43) . Clinical data indicate that PD1 pathway blockade can be successful even when tumors do not express PDL1, suggesting that PDL1 expression on tumor cells is not required for response (44) .
It is important to note that we initiated treatment with BRAFi when tumors were large ($100 mm 3 in volume) and we then administered PD1 pathway-blocking antibodies only after BRAFi initiation. This approach is clinically relevant to patients with a high metastatic burden, as response rates to immune checkpoint blockade are not universal and may be delayed. Although we did not observe a significant difference in survival or growth after anti-PD1 or anti-PDL1 monotherapy when administered at this late time point, we found a significant difference in survival when PD1 or PDL1 blockade monotherapy was given to mice with smaller tumors (data not shown). Thus, this subcutaneous melanoma model could be used to model and study multiple clinically relevant scenarios.
Our results are consistent with those from several published studies that demonstrate synergy of BRAF-directed therapy with other immunotherapies in murine models (18, 28, 29) . Studies using adoptive T-cell transfer, anti-CCL2, or anti-CD137 (18, 28, 29) have demonstrated synergy between BRAF-targeted therapy and immunotherapy with enhanced survival and T-cell function. Conversely, one study showed no synergy when BRAF-targeted therapy was combined with immune checkpoint blockade (45) . This study used a similar BRAF/Pten model with induced primary tumors as opposed to subcutaneous tumors. BRAFi treatment of induced primary tumors resulted in a decrease in immune infiltrate, which is not consistent with what we observed in metastatic melanoma tumors from patients treated with BRAFi (16, 19) . In this primary tumor model, the addition of CTLA4 blockade, either with or without BRAFi, did not improve survival or delay tumor growth (45) . Further studies are needed to determine whether this lack of synergy reflects the different biology in the primary tumor model.
In conclusion, these studies provide evidence that immune checkpoint blockade using anti-PD1 or anti-PDL1 synergizes with BRAF-targeted therapy to improve responses in a BRAFmutant model of melanoma. This novel mouse melanoma model provides a new means to address important translational questions about combining BRAFi and immunotherapy and to complement correlative studies on clinical trials combining immune checkpoint inhibitors with BRAFi.
